Substantial controversy exists as to which part of brain activity is genuinely attributable to pain-23 related percepts, and which activity is due to general aspects of sensory stimulation, such as its 24 salience. The challenge posed by this question rests largely in the fact that pain is per se highly 25 salient, a characteristic which therefore has to be matched by potential control conditions. Here, we 26 used a unique combination of functional magnetic resonance imaging, behavioral and autonomic 27 measures to address this longstanding debate in pain research. 28
48
Introduction 49
Pain is a multidimensional experience, including sensory-discriminative, affective-motivational, 50 cognitive-evaluative as well as motor components [1] , and is defined as "an unpleasant sensory and 51 emotional experience associated with actual or potential tissue damage, or described in terms of 52 such damage" [2] . Following the advent of brain imaging, recurring patterns of brain activity 53 following painful stimuli were summarized as a "pain matrix", comprising primary and secondary 54 somatosensory cortices, cingulate cortices, as well as the insular subregions, among other structures 55 [3, 4] . 56
This activity has frequently been attributed to pain per se. However, it has been pointed out that 57 precisely because pain is a composite sensation, some of the observed activation may or may not be 58 exclusively pain-related [5, 6] . These studies provided evidence that in many cortical regions, 59 activation is observed for both painful and non-painful (such as tactile or auditory) stimuli. Hence, 60 general processes such as stimulus salience were put forward as an alternative interpretation. These 61 contributions have led to lively controversy [7] [8] [9] . Recently, the authors positing the initial challenge 62 to the "pain matrix" concept revisited these issues [10] , and reemphasized that great care should be 63 taken experimentally to match non-painful control modalities , which has frequently been neglected 64 in previous studies. 65
In addition to the question of stimulus salience, many experiments have relied on the use of single 66 stimulus intensities to characterize neuronal responses, when using painful stimulation and 67 compared these responses to a non-painful control condition. However, such approaches disregard 68 the possibility of modality-specific baseline activation, further compounding the issue to properly 69 account for nonspecific activation [11] . A possible solution is to employ multiple stimulus intensities, 70 which allows for the characterization of modality-specific stimulus-response functions [12, 13] , and a 71 comparison of these between modalities. 72 5 Here, we address these issues, and present a novel approach that allows to directly test whether 73 there are cortical regions that can be defined as salience detectors or show preferential pain 74 processing. We employed heat and sound as stimulus modalities. Stimuli were presented in 75 alternating modalities in a within-subjects design. Of each modality, we used six graded intensities -76 three below and three above the pain and unpleasantness threshold, respectively. This allowed us to 77 determine stimulus-response functions of physical intensities or their percepts, and relate those to 78 neuronal activity [12] [13] [14] . Importantly, auditory and thermal intensities were calibrated as 79 equisalient using an objective autonomic measure (skin conductance responses; SCR) [15] . 80
We paid particular attention to insular and periinsular regions, especially the posterior insula and the 81 parietal operculum (the secondary somatosensory cortex), all of which have been reported as early 82 components of pain-responsive cortical areas [4, 9, [16] [17] [18] . 83
To define areas as preferentially pain-processing, our analyses followed an axiomatic approach which 84 posits several logical conditions to be met to make a valid inference (see [19] , for a similar approach 85 in pain avoidance). Within this rigorous approach, we formulated the following set of conditions to 86 preclude the possibility that activity in an area could be explained by salience alone: The effect of 87 painful stimulation should be larger than that of non-painful heat (axiom 1); the effect of painful 88 stimulation should be larger than that of (salience-matched) unpleasant sound (axiom 2); the 89 relationship of ratings and BOLD should be stronger for painful heat than for non-painful heat (axiom 90 3); the positive relationship of pain ratings and BOLD responses should be stronger for painful heat 91 than for (salience-matched) unpleasant sound (axiom 4). 92 93 94 6
Results

95
Heat stimuli were presented using a CHEPS thermode, sounds were 1kHz beeps presented binaurally 96 via headphones. For a brief overview, see 
101
Thermode arrangement on a subject's forearm. Patch C was used for calibration, patches 1|2 were used in 102 counterbalanced fashion for experimental sessions 1 and 2. C. Protocol by time. A visual cue (white fixation 103 cross turning red) announced the upcoming stimulus (either heat or sound) and stayed visible throughout 104 stimulation, which was 8 seconds at plateau (roughly 9.5 seconds all in all, depending on calibration). Subjects 7 necessitated the selection of suitable subjects and experimental sessions that fulfilled this criterion 115 (see Methods). Analysis included N=26 subjects (50% female, mean age±SD 25.8±3.6; see S1 Table  116 for more detailed sample characteristics). 117 118
Skin conductance results 119
As intended by stimulus matching, no significant difference between modalities prevailed (p=0.177) 120 (random intercept model; Figure 2 ). SCR increased by intensity (t(308)=7.797, p=1e-13). There was 121 no interaction between intensity and modality (p=0.514). 122 
Imaging results 146
For either modality, a mask was used that was obtained from main effect activations a) larger than 147 the respective comparator modality and b) larger than baseline (S1A Figure; see Methods for details). 148
The same mask was applied to all contrasts reported in the following, with the exception of 149 conjunction analyses, which were performed without mask. Application of the masks constrains the 150 analyses to areas consistently activated during the respective modality. 151 152 153
Main effects of modality 154
To test for intermodal differences, we contrasted the main effects for heat and sound ( Figure 4 ). 155 156 Figure 4. Differential effects of heat (orange) and sound (blue). Significant differences were found in the 157 parietal operculum (H1, H2) and dorsal posterior insula (H3) for heat; in the superior temporal gyrus (S1) and 158 Heschl's gyri for sound. A. Activations are thresholded at p(uncorrected)<0.001 and overlaid on an average 159 brain surface for display purposes. The black line delineates the region of interest used for correction for 160 multiple comparisons. See S2 Figure for peak locations in brain volume slices. B. Poststimulus plots of fMRI 161 activation over all stimulus intensities (mean±SE). Subplots H1 through H3 show that heat-related activation 162 (orange) dominates in the analyzed time frames (seconds 2.2 through 10.8, see Methods), while subplot S1 163 shows increased sound activation (blue).
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The parietal operculum (secondary somatosensory cortex; peak MNI coordinates x=51, y=-30, z=28, 166 Z=5.62, p(corrected)=1e-05; second peak at x=59, y=-23, z=25, Z=5.221, p(corrected)=1e-04) and 167 11 dorsal posterior insula (x=40, y=-21, z=19, Z=4.175, p(corrected)=0.012) showed stronger activation 168 for heat as compared to sound. Conversely, Heschl's gyri (primary auditory cortex; x=64, y=-24, z=7,  169 Z=Inf, p(corrected)=4e-16) showed stronger activation for sound stimuli. 170
Of note, areas activated by either modality show no overlap, as determined via conjunction analyses, 171 even at a liberal threshold of p(uncorrected)<0.001, of contrasts of heat or sound larger than 172 baseline activation. The conjunction analysis did not use any masking; regardless, it did not yield 173 significant results. 174 175
Parametric modulation by stimulus intensity 176
Irrespective of modality, main effects can be confounded by unspecific effects associated with the 177 generic occurrence of an external stimulus, such as orientation and response preparation. Therefore, 178
we performed an analysis investigating stimulus response functions (SRFs), i.e., testing for stronger 179 BOLD responses for higher stimulus intensities. 180
We contrasted both modalities to identify areas with diverging SRFs within those areas showing a 181 main effect of either modality, as determined above. For heat, we identified activity in the parietal 182 operculum (x=57, y=-30, z=31, Z=3.999, p(corrected)=0.026) whose SRF diverges from that of the 183 sound modality ( Figure 5A ). For sound, no significant activity prevailed, that is, no relationship of 184 intensity and brain activity was found within the region of interest. Closer inspection of the time-185 course of the SRF in the heat modality ( Figure 5B ) indicates that the SRF's maximum slope coincides 186 with the peak of the main effect, that is, the modulation of the main effect by intensity is strongest 187 when the main effect itself is strongest. 
Imaging results distinguishing stimuli perceived below and above thresholds 236
So far, all analyses pooled over non-painful and painful heat percepts. To further investigate pain-237 related responses, we separated those stimuli reported as non-painful from those reported as painful 238 (i.e., subthreshold versus suprathreshold), and similarly for unpleasant versus non-unpleasant 239 sounds. We followed an axiomatic approach to identify areas where activity under painful 240 stimulation could neither be explained by an overlap with activity under non-painful heat (as would 241 be the case, e.g., in thermosensitive areas), or by an overlap with activity following unpleasant sound 242 (e.g., in areas processing stimulus salience). In particular, we posited that a region can be 243 characterized as preferentially pain-processing if the following conditions hold: 244  Axiom 1: The effect of suprathreshold -i.e., painful -stimulation should be larger than that 245 of subthreshold -i.e., heat -stimulation. 246 This study aimed to identify regions relevant for heat pain processing, and to determine whether 271 their activation can be explained by salience. We used individually calibrated, parametrically graded 272 heat stimuli, and an auditory control condition. Heat and sound stimuli were matched for arousal as 273 indicated by similar skin conductance responses. Furthermore, we employed surface-based analyses 274 to mitigate spatial inaccuracies of 3D smoothing. 275
Main effects for heat were identified in the parietal operculum and the posterior insula, main effects 276 of acoustic stimuli were observed in the superior temporal gyrus. More importantly, in the parietal 277 operculum, we observed a differential correlation of brain activity with ratings above versus below 278 the heat pain threshold, concurrent with a differential correlation with ratings under painful heat 279 versus unpleasant sound. As we have matched both modalities for salience, these results 280 unequivocally rule out that activity in this area is simply related to stimulus salience, and suggests a 281 more dedicated role in heat pain processing. 282
Using SCR as an autonomic readout of arousal [15,20,21] allowed us to establish comparable salience 283 of the stimulus material, independent of any behavioral assessments. Although salience can be 284 assessed psychometrically [5] and research exists to establish concurrent validity of salience ratings 285 within individual modalities [22] , to our knowledge, such ratings have not been validated cross-286 modally. It is likely that salience ratings are scaled differently according to some modality-specific 287 perceptual range. Our results support this notion, as we have observed a prevailing difference in 288 behavioral ratings between the two modalities (sound was, on average, rated as more aversive, but 289 19 had a shallower slope with increasing intensities). This means that a reliance on behavioral ratings 290 alone could compound SCR dissimilarities between comparator modalities. 291
With six graded stimulus intensities per modality, our design allowed for the assessment of stimulus 292 response functions as opposed to simple mean comparisons between a single intensity and a low-293 level baseline, or between single sub-and suprathreshold stimuli. Apart from physical intensities, this 294 also allowed us to use a large range of individual ratings as predictors. Using these perceived 295
intensities, we were able to directly investigate competing modes of encoding. For example, a brain 296 area may encode heat intensity, regardless of pain, or it may be inactive below threshold but encode 297 pain intensity above threshold [12, 13, 23 ]. In the analysis distinguishing between sub-and 298 suprathreshold stimuli, we see a clear pain-intensity-related response in the parietal operculum 299 ( Figure 7 ). While not a main focus of this paper, we do see a shift in SRFs even within small cortical 300 distances: For example, an area rostral (x=55, y=-26, z=26) to the more heat pain-dedicated posterior 301 parietal operculum (x=56, y=-37, z=25) fails to register differences in the parametric modulation by 302 sub-and suprathreshold heat ( In contrast to previous multimodal studies, we explicitly chose modalities where the aversiveness 327 would be generated by virtue of physical intensity. This is naturally the case with painful stimulation, 328
but several studies did not use aversive stimulation in non-painful control modalities (for example 329
[9], who used low-intensity tactile stimulation). Consequently, the acoustic modality was chosen 330 because stimuli can be generated in close analogy to heat, by altering the physical intensity of the 331 stimuli. 332
For our analyses of neuronal activity, we have focused on the posterior insula and adjacent areas. 333
The insula is of particular interest, because its involvement in pain has been well-documented 334 [4, 9, 25 ]. Furthermore, it has been hypothesized to perform polymodal magnitude estimation [23, 26] , 335 21 and is also involved in salience processes [27, 28] . Unambiguous data concerning the involvement of 336 the insular cortex in pain processing also comes from direct cortical stimulation studies [29] [30] [31] . 337
Consequently, it is a prime candidate to assess overlaps and differences in activation patterns. 338
With its reliable activation following painful stimulation, we can unequivocally establish the parietal 339 operculum as an important area of heat pain processing, whose activity cannot be explained by 340 stimulus salience. The area not only shows increased activation when comparing pain and other 341 modalities (heat, sound), but also exhibits a monotonic increase with perceived pain. The peak of the 342 BOLD response following pain clearly coincides with the largest modulation by behavioral ratings of 343 pain, roughly 8 seconds after stimulus onset ( Figure 7B ). Importantly, this area has close functional 344 connections with the posterior insula [32], another area of interest [9, 16] . 345 Interestingly, we were not able to replicate earlier findings [5,33] of substantial overlap of activation 346 regardless of modality, even at a lower threshold. This might be related to the differences in stimulus 347 parameters between the studies: Previous multisensory studies have used rapid onset stimuli of very 348 short duration, whereas ours were considerably longer (8 seconds plateau, circa 9.5 seconds with 349 upward/downward slopes). It is possible that with increasing brevity and suddenness of the stimuli, The study used stimuli of mild to moderate aversiveness (calibrated to a maximum of 50 if rescaled 364 to a conventional, 0-100 suprathreshold visual analogue scale). This aspect, too, could be amended 365 to cover a broader range, albeit increasing the risk of carry-over effects such as sensitization, 366 particularly with longer stimulus duration. Additionally, the use of only a single trial-based, post-367 stimulus rating of stimulus intensity could be criticized. In fact, one common recommendation for 368 pain measurement is to distinguish multiple pain dimensions [1], most frequently intensity and 369 unpleasantness [35], although these aspects tend to be highly correlated in non-interventional 370 designs [36, 37] . Given the SCR-based approach to equalize salience and to include more stimulus 371 repetitions, we opted against multiple VAS for protocol reasons, namely ease of measurement and to 372 avoid confusion. 373
While we have identified areas preferentially active in painful heat as compared to unpleasant 374 sound, we cannot claim that these areas are specific for pain. In fact, it is important to note that 375 specificity cannot be ascertained with a limited number of control conditions [10, 38] . We concur that 376 the notion of specificity is more academic in nature than might benefit the field [3]. The preferences 377 of certain areas to process various inputs -whether visual, acoustic, nociceptive -is best construed 378 as a matter of degree, that is, a question of specialization rather than specificity, as has been 379 suggested for functions unrelated to pain [39] . Nevertheless, the rigorous axiomatic approach allows 380 for a strong hypothesis ascribing the parietal operculum a dedicated role in pain processing. Germany) with a 12-channel head coil. An fMRI sequence of 36 transversal slices of 2 mm thickness 414 was acquired using T2*-weighted gradient echo-planar imaging (EPI; 2150 ms TR, 25 ms TE, 80° flip 415 angle, 2x2x2 mm voxel size, 1 mm gap, 216x216x107 mm field of view, acceleration factor of 2 with 416 generalized autocalibrating partially parallel acquisitions reconstruction, GRAPPA). Coverage did not 417 25 include the apical parts of the frontal/parietal lobes. Additionally, a T1-weighted MPRAGE anatomical 418 image was obtained for the entire head (voxel size 1x1x1 mm, 240 slices). 419
For each subject, fMRI volumes were realigned to the mean image in a two-pass procedure, and co-420 registered to the anatomical image using affine transformations. Anatomical images were segmented 421 into tissue types, and individual brain surfaces generated, using the CAT12 toolbox for SPM (Christian 422
Gaser & Robert Dahnke, http://www.neuro.uni-jena.de/cat/). 423 424
Analysis of imaging data 425
Subject-level analyses were performed on the 3D (volume) data in native space without smoothing, 426 using an implicit mask at 0.6 to facilitate subsequent (surface) processing. We computed general 427 linear models to identify brain structures involved in the processing of each stimulus modality, as 428 well as the encoding of intensities within those modalities (volume data not shown). All analyses 429 were performed with seventh order FIR basis functions, of which bins 2 to 6 are considered when 430 comparing conditions. This amounts to seconds 4.3 through 12.9 post stimulus onset. Realignment 431 (motion) parameters as well as regressors obtained from ventricular motion were included as 432 nuisance variables, to mitigate motion-related artifacts. 433
We first set up a model including one regressor for stimulus main effects in each modality. Another 434 two regressors -one linear, one quadratic -encoding stimulus intensities 1 through 6 were added 435 per modality, as parametric modulators. The second model likewise included main effects, and 436 behavioral ratings as linear and quadratic parametric modulators. Finally, the third model further 437 distinguished the two modalities in stimuli perceived as below and above the respective thresholds 438 (pain for heat stimuli, unpleasantness for sound stimuli), yielding four main effect regressors 439 (subthreshold heat, suprathreshold heat -i.e., pain -, subthreshold sound, suprathreshold sound). 440
Behavioral ratings were again included as linear parametric modulators; quadratic modulation was 441 not considered to preclude overfitting. 442
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Results from subject-level analyses were mapped to brain surfaces obtained via the CAT12 443 segmentation procedure. The mapped subject-level results were then resampled to correspond to 444 surface cortical templates, and smoothed with a 6 mm full width-half maximum 2D kernel. Group-445 level analyses were performed including the mapped contrasts, which are described in the Results 446 section. 447
Masking was used to distinguish either modality, as the ANOVAs employed are unsigned and in 448 principle detect differences in activation regardless of direction. Therefore, we obtained signed (that 449 is, unconstrained by p values) masks from calculating a conjunction from significant voxels of a) a t-450 test contrasting the average main effects of either modality (i.e., where activation following heat was 451 larger than that following sound, and vice versa), and b) a t-test contrasting either modality to low-452 level baseline (i.e., where activation following heat -or sound, respectively -was larger than zero. 453
This yielded a single mask for both modalities, which was applied to all analyses (unless otherwise 454 noted) (S1B Figure) . 455
For the purpose of this study, we focused on the hemisphere contralateral to the stimulation, in our 456 case the right hemisphere. In general, the larger part of activity following pain is contralateral to the 457 stimulation site, but is known to be bilateral in several key areas such as the secondary 458 somatosensory cortex and the insula [46] . 459 Furthermore, we focused on the insula and directly adjacent areas for small volume correction of 460 significance level. In particular, we included the granular insular cortex (Ig1, Ig2) as well as the 461 parietal operculum (OP1, OP2) and primary auditory cortex (Te1.1), using the SPM Anatomy Toolbox 462 (version 2.2b [47] ). This mask was mapped to a template brain surface, then smoothed with a 4 mm 463 2D kernel to close gaps. The resulting binary mask (S1A Figure) Owing to the study's aim to compare two stimulus modalities (heat and sound), they had to be 469 presented and rated in an analogous fashion. Therefore, while retaining the intuitive descriptor 470 "painfulness" for rating noxious heat (as composite measure of intensity and unpleasantness), we 471 settled on "unpleasantness" as descriptor for sounds. This also seemed warranted considering the 472 high correlation of intensity and unpleasantness measures in heat pain [37], while unpleasantness is 473 one of the definitional criteria of pain [2] . 474
Furthermore, since we wanted to use graded stimuli both below and above the respective thresholds 475 (pain threshold for heat, unpleasantness threshold for sound), we deviated from the more common 476 simple visual analogue scales (VAS) and devised two partitioned 0 to 100 VAS for both modalities 477 ( Figure 1A) . 478
For heat, it captured both painful and non-painful sensations. Subjects were instructed to indicate 479 heat intensity in absence of pain in the 0 through 49 range, and heat pain intensity in the 50 through 480 100 range. Hence, anchors were displayed for "no sensation" (0), "minimal pain" (50), and 481 Heat stimuli were delivered using a CHEPS thermode (Medoc, Ramat-Yishai, Israel). Stimulation sites 493 were located on the radial surface of the forearm. Three separate sites were used for calibration and 494 either experimental session, to avoid changes in heat/pain perception due to repeated stimulation. 495
Around the middle of the forearm (half distance between crook of the arm and distal wrist crease; 496 see Figure 1B ), three stimulation sites were marked prior to the experimental sessions. For 497 calibration, a medial site on the distal part of the forearm was used; for experimental sessions 1 and 498 2, two adjacent proximal sites were used, in counterbalanced order. During both calibration 499 procedure and experimental sessions, baseline temperature was set to 35°C, and rise and fall rate 500 were set to 15°C per second. The duration of heat stimuli was set to eight seconds at target 501 temperature (plateau), except for preexposure stimuli whose plateau duration was zero (and thus 502 only consisted of temperature up-and downramping). 503
A two-step stimulus calibration was performed for each subject, to determine three temperatures 504 below the individual pain threshold, and three above. Calibration was performed with the MR-505 scanner running the same sequence as during the actual experimental sessions, to mimic ambient 506 conditions [49] . fMRI data from calibration was later discarded. 507
In a first calibration step, the pain threshold was determined. Subjects were preexposed to four brief 508 heat stimuli. Preexposure started at 42°C and each consecutive stimulus was increased by 0.5°C, up 509 to 43.5°C. If a subject indicated the last stimulus as painful, starting temperature for the following 510 procedure was set to 43°C, else to 44°C. We then used a probabilistic tracking procedure for 511 threshold determination, assuming a normal distribution of pain perception around the actual 512 threshold [50] . Eight full-length stimuli were presented and received a binary rating (painful or not 513 painful). Depending on the rating of the previous stimulus, each consecutive stimulus was set to a 514 higher or lower temperature according to the probability informed by previous pivot points. The final 515 temperature was defined as threshold intensity. 516
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In a second calibration step, eight stimuli unevenly spaced around threshold intensity (from -2°C to 517 +1.6°C, with smaller intervals towards ±0°C) were rated on the partitioned VAS described above. 518
After the procedure, linear regression was used to calculate target temperatures H1 through H6, to 519 obtain subthreshold VAS ratings of 25, 35 and 45 (H1-H3), and suprathreshold VAS ratings of 55, 65 520 and 75 (H4-H6). 521
These six intensities were used throughout the experimental sessions. 522 523
Sound stimuli and calibration 524
Sound stimuli were delivered using MR-compatible headphones (NordicNeuroLabs, Bergen, Norway). 525
A pure sound (frequency 1000 Hz, sampling rate 22050 Hz) was generated using MATLAB. A log 526 function was used to translate increases in (physical) amplitude to smooth gradual increases in 527 (psychoacoustic) loudness, to mimic the heat stimuli's temperature ramps. Like the heat stimuli, 528 sound stimuli were presented for eight seconds at target loudness (plateau), and the scanner was 529 running a dummy EPI sequence throughout to mimic actual conditions [51] . 530 A two-step stimulus calibration was performed for each subject, to determine three sounds below 531 the individual unpleasantness threshold, and three above. The general procedure was analogous to 532 the one used for heat. 533
In a first calibration step, the individual loudness unpleasantness threshold (in percent of maximum 534 amplitude of ~100 dB, allowing for safe exposure even at maximum intensities [52]) was determined 535 by an ascending methods of limits-procedure. Six sounds of gradually increasing loudness were 536 played. The calibration sounds differed in the steepness of the loudness ramps, taking between 9 and 537 15 seconds to reach peak amplitude. Subjects were asked to indicate the point where the loudness 538 became unpleasant. The mean of the last four of the six stimuli was defined as threshold loudness. 539
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In a second calibration step, 16 stimuli unevenly spaced around threshold loudness were presented 540 (from -15% to +15%, smaller intervals towards ±0%), with stimulus characteristics set to mimic those 541 of heat stimuli (roughly 0.75 s ramps up and down, plus 8 s plateau loudness). As with heat ratings, 542 linear regression was used to calculate target amplitudes S1 through S6, namely to obtain 543 subthreshold VAS ratings of 25, 35 and 45 (S1-S3), and suprathreshold VAS ratings of 55, 65 and 75 544 (S4-S6). For the second cohort, VAS targets were informed by the corresponding mean SCR 545 amplitude of the first cohort (see "Differences between first and second cohort"). 546
Finally, ramping characteristics of sound stimuli (the seconds it took to plateau) were set to 547 correspond to those of the respective intensity's heat stimuli, such that corresponding intensities of 548 both modalities had an identical overall length (ramps plus plateau). 549 550
Stimulus presentation during experimental sessions 551
After calibration, the thermode stimulation site was changed, and the first experimental session 552 commenced. Heat and sound stimuli were presented in alternation, so that trials of the same 553 modality were spaced with an intertrial interval of approximately 30 seconds. Each trial followed the 554 same basic structure ( Figure 1C ). 555
Within each modality, the six intensities were pseudorandomized in microblocks. Randomization was 556 performed such that each sequence of six stimuli contained one instance of each intensity. It was 557 further constrained such that the very first stimulus was never chosen from the highest two 558 intensities, and two consecutive intensities were never more than 3 intensity steps different (e.g., 559 the intensity following heat intensity 1 could not exceed heat intensity 4). 560
After changing thermode stimulation site again, session 2 commenced with identical protocol (albeit 561 different randomization). 562 31 Visual cues and VAS rating scales were displayed in the scanner using back-projection via a 45° mirror 563 placed atop the head coil. 564 565
Selection of subsample for analysis with comparable SCR between modalities 566
In total we assessed two cohorts of 32 subjects and 26 subjects. To obtain an "SCR-equalized" 567 subsample from all subjects (N=58 with 2 sessions, that is a total of 116 experimental sessions), in a 568 first step, we excluded all sessions where the correlation between ratings (that is, perceived stimulus 569 intensity/unpleasantness) and SCR was lower than or equal to zero, so that only subjects with a 570 positive correlation in both modalities were eligible for the next step. 571
In a second step, we used Bayes factors [53,54] to determine the flipping point where modality 572 became obsolete as explanatory variable. Bayes factors express the ratio of the marginal likelihood of 573 the data under the compared models; since they consider the number of free parameters, they allow 574 for the selection of the "better" model (best fit to the data and most parsimonious). For every 575 session, we obtained the mean SCR (log-transformed and normalized values) for both modalities; 576 sessions with the largest predominance of heat-SCR were then consecutively removed. After each 577 removal, we obtained the Bayes factors for the remaining sample, comparing the model with 578 intensity only as predictor to that with modality added as predictor. Once the Bayes factor dropped 579 below 1 (meaning that the addition of modality as predictor did not serve to improve the model), we 580 stopped the pruning procedure. This relatively permissive criterion for session inclusion was chosen 581 in order to preserve as many sessions as possible. 582
This procedure yielded a sample where modality did not contribute to explaining the SCR data (as 583 indicated by recalculating the random intercept model described under "Skin conductance results"), 584 with 26 unique subjects contributing 33 sessions. From the first cohort, 15 subjects contributed 19 585 sessions, from the second cohort, 11 subjects contributed 13 sessions to the SCR-equalized analysis. 586 587 32
Differences between first and second cohort 588
Since we had determined that not every person's skin conductance responded to both modalities to 589 a comparable extent, we set out to select a subsample of persons who had comparable SCR. To reach 590 a sufficient number of such "responders", we had to perform an additional data collection. 591
Because of logistical reasons (scanner upgrade in January 2018), some parameters of fMRI 592 acquisition had to be modified for the new PRISMA 3T MR Scanner (Siemens, Erlangen, Germany). 593
Instead of a 12-channel head coil, we had to employ a 20-channel head coil. Delivery of the auditory 594 stimulus was performed with a CONFON headphone (Cambridge Research Systems Ltd, Rochester, 595
United Kingdom). These measures necessitated the exclusion of subjects with head circumference 596 above 60cm. 597 Furthermore, to facilitate increased SCR responding to sound, we increased the amplitude of the 598 sound stimuli. Using calibration data from the first data collection and linear extrapolation, we 599 calculated sound VAS targets required to induce SCRs of an amplitude comparable to those of heat 600 VAS targets of the same intended intensity 1 through 6. We determined that corresponding to our 601 heat VAS targets of 25, 35, 45, 55, 65, 75 (see "Heat stimuli and calibration"), we would need to apply 602 sound amplitudes inducing sound VAS targets of 48, 59, 70, 82, 93, 105. Furthermore, during subject 603 instruction, we emphasized the fact that the amplitude of sound stimuli was not within pathological 604 range. This was done to prevent overly cautious subject behavior, following anecdotal evidence from 605 the first cohort that sound stimuli were associated with higher safety concerns than heat stimuli. 606 607
Statistical analyses 608
All analyses were performed using MATLAB (version R2017b) and SPM12 (version 6906). 609
Significance level was set to p=0.05 for psychophysiological and behavioral data, whereas imaging 610 results were corrected using family-wise error rate adjustment at p<0.05. For visualization, 611
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